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Pentatomidaea b s t r a c t
The economic value of natural regulation of agricultural pests by bats has been estimated both by avoided
cost models and by experimental predator-exclusion approaches. We review published studies globally
from both complementary approaches. We further present an economic model for the avoided cost of bat
predation on stinkbugs, the major economic pest of macadamias in South Africa, currently the world’s
largest macadamia producer. We calculated both the direct (reduced stinkbug damage due to bat preda-
tion) and indirect (reduced pesticide use) avoided costs. We estimated the density of bats in a
macadamia-growing region of South Africa to be 7.5–22.5 bats/ha, based on opportunistic data from
the Merlin DeTEct (Inc.) avian-avoidance radar system. Current economic parameters for macadamia pro-
duction, stinkbug injury coefficients and life history were obtained from the literature and from the
Southern African Macadamia Association (SAMAC).We estimated the level of bat predation on pest stink-
bugs in macadamia orchards from published dietary studies combined with both high and low published
values for insect consumption rates relative to bat body mass. We found that the protected yield due to
bat predation of stink bugs amounted to 0.53% (low consumption rates) to 1.29% (high consumption
rates) of annual macadamia production in South Africa for 2015. Based on current macadamia prices,
the approximate avoided cost values of these combined direct and indirect bat predation services varied
between 9% and 23% of the current annual estimated cost of damage caused by stinkbugs to South African
macadamia orchards (US$613/ha). Losing bats to disease epidemics, wind farms, human persecution or
excessive or highly toxic pesticide applications could therefore significantly increase annual losses to
the macadamia industry in South Africa caused by stinkbugs.
 2017 Elsevier B.V. All rights reserved.1. Introduction
In a range of agro-ecosystems, bats provide important predation
services that have been shown to directly benefit farmers through
increased production and crop yield (Boyles et al., 2011; Maas
et al., 2015; Maine and Boyles, 2015). The concept of integrated
pest management (IPM) reinforces the importance of incorporating
biological control and reducing reliance on chemical control of
agricultural pests (Ehler, 2006; Kogan, 1998). While conventional
ecological paradigms suggest that dietary specialists will be better
agents of biological control than generalists, a spate of recent
exclusion studies have underlined the importance of generalistpredators such as bird and bats in initiating trophic cascades that
can suppress agricultural pest (and other) insects in different crop
systems (Maas et al., 2015).
Bat predation services have been quantified and monetarized
using different approaches. Based on avoided cost models (Boyles
et al., 2011; Cleveland et al., 2006; Federico et al., 2008; Lopez-
Hoffman et al., 2014; Maine and Boyles, 2015; Puig-Montserrat
et al., 2015; Wanger et al., 2014), exclusion experiments (Gras
et al., 2016; Maas et al., 2013, 2015; Maine and Boyles, 2015), syn-
chronicity between annual crop pest and bat population cycles and
dietary preferences (McCracken et al., 2012; Puig-Montserrat et al.,
2015; Taylor et al., 2013b), bats have been shown to respond to
and suppress pest insect outbreaks and thereby ameliorate crop
damage in a range of agro-ecosystems. However, the diversity of
approaches used in the above studies has precluded a standardized
estimation of the economic role of bat predation services. The first
Fig. 2. Common slit-faced bat (Nycteris thebaica) carrying a green vegetable stink
bug (Nezara virudula), a pest of macadamia nuts in South Africa. Copyright: Merlin
D. Tuttle.
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value of bat predation across all published studies using two stan-
dardized indices, the protected cost in US$/ha/yr, and the protected
yield as a percentage of the comparable annual crop yield. Sec-
ondly, we provide new data on bat predation services in a macada-
mia agro-ecosystem in South Africa, using an avoided cost model
as explained below.
South Africa was the world’s largest macadamia exporter in
2015, producing 46,000 tonnes of dry nut-in-shell (1.5% moisture)
from 25,000 ha in mainly three provinces (Fig. 1), and an additional
2000 ha are planted each year (Southern African Macadamia Asso-
ciation, SAMAC; https://www.samac.org.za/overview-south-afri-
can-macadamia-industry/ accessed on 23/7/2017)). Due to the
high demand from import countries for environmentally-friendly
production, IPM is strongly advocated, although widespread insec-
ticide use is still necessary to control insect damage, particularly
that caused by stink bugs (Family Pentatomidae). The annual cost
of macadamia nut damage caused by stinkbugs was estimated at
South African Rand (R) 50 million (US$ 3.6 million) in 2009
(Schoeman, 2009) but recently revised to R200 million (US$15.3
million) (P.S. Schoeman, personal communication, 5/7/2017).
Recent studies on the diet and activity patterns of bats in maca-
damia orchards at Levubu in the Limpopo province of South Africa
(Fig. 2) have demonstrated that several local species of bats feed
frequently on bugs (Heteroptera) including at least one locally-
occurring species of pest stink bug, Nezara viridula (Taylor et al.,
2011, 2012, 2013a,b, 2017). In addition to available economic data
on macadamia production and published or available data on stink
bug longevity, fecundity and nut injury coefficients, these data
allowed us to develop an avoided cost model to estimate the eco-
nomic value of bat predation services to macadamia growers on a
national basis. We aimed therefore to obtain a robust estimateFig. 1. Map and histogram of South Africa showing approximate distribution and
registered area of macadamia-growing areas in three provinces of South Africa.(with confidence limits) of the value of bat predation services in
macadamia orchards in South Africa, for comparison with equiva-
lent values obtained for other agro-ecosystems globally.2. Material and methods
2.1. Review of papers on the economic value of bat predation services
We searched using ISI Web of Science for all articles from all
years containing the following search string in either the title or
abstract: TOPIC: (⁄⁄⁄‘‘bats” AND ‘‘pest control” NOT ‘‘vampire”
OR ‘‘rabies”) OR TOPIC: (”bats‘‘ AND ”service‘‘ NOT ”vampire‘‘ OR
”rabies). The search yielded 43 results (Table S4). We also used a
‘‘snowball” method to search relevant additional papers cited in
the recent review by Maas et al. (2015). From 48 references
retrieved, we selected 10 where the study specifically estimated
a monetary value for the crop pest predation services of bats. For
each of these studies we extracted two standardized economic
estimators of bat predation service, 1) US dollars per hectare per
year and 2) percentage of annual yield. We also extracted addi-
tional information on the method used to estimate the monetary
value of bat predation services, the agricultural system, the main
crop pest species and the use of genetically-engineered pesticide-
resistant (Bt) strains of corn and cotton. Where ranges of estimates
were provided, e.g., over time or between Bt and conventional
strains, we reported the range with explanation.
2.2. Approach to avoided costs model
The avoided-cost approach places a value on crop pest control
by evaluating the costs that society avoids as a result of the provi-
sion of these services towards crop production. This cost has two
components: the direct value of the crop that would have been lost
to increased insect damage in the absence of the bats and the indi-
rect reduced cost of pesticide use (Cleveland et al., 2006). Follow-
ing this approach as implemented by Wanger et al. (2014), we
developed an avoided cost linear model in R version 3.0.3 (R Core
Team, 2013) with 10,000 iterations, based on parameters relating
to macadamia nut production and current prices, stinkbug damage
and fecundity and bat pest consumption rates and population den-
sity estimates, as detailed below. The annotated R-script is pro-
vided in Table S1. Parametrization of the model was undertaken
using conservative estimates, or where more than one source
was available, we used random parameter values within the pub-
lished range, leading to more realistic but variable modelling out-
comes. In the case of one variable, bat relative prey consumption
374 P.J. Taylor et al. / Ecosystem Services 30 (2018) 372–381rates, we ran the models separately for high and low values from
the literature as we wanted to understand the effect of this impor-
tant variable on model results over a plausible range of bat densi-
ties. After obtaining the direct avoided costs from the model, we
used these values together with information on the current cost
of spraying 1 ha of macadamias to derive indirect avoided costs
of reduced pesticide use.
2.3. Economic estimates of macadamia production
Valuation of bat pest control in the model requires input of the
key economic parameters such as current crop prices and crop
yield and the costs of pesticide spraying. We used values provided
by the Southern African Macadamia Association (SAMAC) at the
time of analysis (2015), in the form of a spreadsheet calculator pro-
vided to farmers to monitor pest levels on a weekly basis and
thereby determine the economical threshold and desired fre-
quency for spraying (Table S2). Based on this information, the cur-
rent price of macadamia nuts was South African Rand (R) 76.50 (US
$5.87)/kg for good quality nuts-in-shell (NIS) assuming a 30%
‘‘crack-out” (i.e. proportion by weight of kernel in relation to nut
in shell) and 1.5% kernel moisture content. The current expected
average yield was estimated at 3.2 t/ha. The cost of spraying 1 ha
of macadamia orchards, required for determining indirect avoided
costs of bat pest control, was R950 (US$73)/ha (Table S2).
2.4. Stink bug mass, life history and damage
Parameter estimates for the model were obtained from the liter-
ature for one cosmopolitan stink bug species, Nezada viridula
(Table 1).WhileN. viridula is one of themajor pests present in South
African macadamia orchards, an additional indigenous species
Bathycoelia distincta, is typically the dominant stink bug in orchards
(Schoeman, 2013, 2015). In the absence of relevant data for B. dis-
tincta, the model assumes that the two species would have similar
life history attributes. Relevant data on N. viridula mass, survival
and fecundity are provided in Table 1. The average incidence in
macadamia orchards during the susceptible nut growth and harvest
season (December to June) is two bugs per 10 trees (Schoeman,
2013, 2015). We assumed conservatively that stink bugs were
absent outside the susceptible period. Injury coefficients were
based on a SAMAC report (Alberts, 2015) to macadamia farmers
to assist them in determining weekly damage threshold levels for
pesticide spraying schedules (Tables 1, S2). Based on these values,
the injury coefficient was determined as the average daily% annual
yield loss per bug averaged over these sevenmonths, which came to
0.0002864%/bug/day (see Table 1 for details of calculation).
2.5. Bat pest consumption rates
As spelled out in Table 1, three components were used to esti-
mate pest stink bug consumption rates by bats. (1) Relative con-
sumption rates of male and female bats, (2), proportion of
Hemiptera in bat diet and (3), proportion of herbivorous Pentato-
midae in Hemiptera consumed by bats. To estimate the first com-
ponent, relative consumption rates (variables ‘‘bat_male_feed” and
‘‘bat_female_feed” in Table 1), were obtained from the literature.
The higher values are represented by Mexican free-tailed bat
(Tadarida brasiliensis), in which males and non-reproductive
females consume 39% of their body mass nightly, while lactating
and pregnant females can consume 39–73% of their body mass
(Kunz et al., 1995). These values were used in the model of
Wanger et al. (2014). A southern African study (McDonald et al.,
1990) provided data for lower consumption rates of four species
of bats roosting at De Hoop Guano Cave in the Western Cape Pro-
vince over an 11-month period. Males and non-reproductivefemales consumed nightly on average 16% of their body mass,
while pregnant females consumed 19% and lactating females
30%. We ran models for both the lower and higher consumption
rates (Table 1).
Estimates of the second component listed above, proportion of
Hemiptera in bat diet (variable ‘‘pv_Hem” in Table 1) were based
on conventional dietary studies of six species of bats foraging or
roosting in macadamia orchards in the Levubu study area of Lim-
popo, using microscopic dissection of faecal pellets (Taylor et al.,
2011, 2012, 2013a,b). According to these studies (summarised in
Table 2) bugs (Heteroptera) comprised between 6% and 50% by vol-
ume of the total diet for different bat species. To determine the
third component, proportion of herbivorous Pentatomidae in
Hemiptera (variable ‘‘Pf_SB” in Table 1), we used the results of a
Next Generation Sequencing (NGS) study of the insect diet in the
faecal pellets of six species of bats from macadamia orchards. This
study revealed the occurrence of DNA from one pest stink bug spe-
cies (N. viridula) in 32% of faecal pellets analysed (Taylor et al.,
2013a). Although the dominant pest stink bug species (B. distincta)
was not detected in the above study, this was simply because no
CO1 gene sequences were available on the Genbank or BOLD data-
bases. About one third of fecal pellets sampled had unidentified
heteropteran sequences and it is likely these could have included
unidentified B. distincta sequences (Taylor et al., 2013a). Thus,
our estimates for the proportion of stinkbug DNA in the bats’ diet
are probably conservative underestimates. Since about 80% of het-
eropteran gene copies obtained collectively from bat faecal pellets
were N. viridula (Taylor et al., 2013a), we conservatively estimated
that stink bugs comprised about 80% of all Hemiptera consumed by
bats in the macadamia orchards.
The median mass of bats was incorporated into the model. This
was obtained from published body mass values (Monadjem et al.,
2010) for 21 bat species forming part of the assemblage docu-
mented for macadamia farms in the Levubu study site The masses
ranged from 4 to 39 g (median 11 g) (Tables 1, 2). The six bat spe-
cies for which dietary data were available included representatives
of all foraging groups, open-air feeders, clutter feeders and clutter-
edge feeders (Monadjem et al., 2010; Schoeman and Jacobs, 2008);
hence we believe that the data represent a fairly unbiased picture
of the pest consumption rates of bats in general in a major
macadamia-growing area of South Africa. Due to the ubiquitous
occurrence of all three foraging groups in bat communities from
different biomes throughout South Africa (Schoeman and Jacobs,
2008) we assume that a similar composition of bat foraging guilds
and dietary patterns apply in other macadamia-growing regions of
South Africa.
2.6. Bat population size
Previous avoided cost models for bats relied on known popula-
tion data from large obligate cave-roosting colonies of bats occupy-
ing agricultural areas (Boyles et al., 2011; Cleveland et al., 2006;
Lopez-Hoffman et al., 2014; Wanger et al., 2014) or from bats occu-
pying artificial bat houses (Puig-Montserrat et al., 2015). We used a
novel approach whereby we estimated densities of bats in a
macadamia-growing region of South Africa based on data from
an aircraft birdstrike avoidance radar system.
The MERLIN Avian Radar System (DeTect Inc; http://www.de-
tect-Inc.com/avian.html) uses advanced clutter suppression and
Doppler processing to track and count individual bird (or at night,
bat) targets using a dual horizontal surveillance and vertical scan-
ning radar configuration to allow detection in 3D space for 360
and to a height of up to 15,000 feet above ground. Since this Radar
technology can track the paths of individual targets (e.g. bats), the
risk of re-counting the same individual is greatly reduced, making
this a superior method of estimating absolute population densities.
Table 1
Summary of model parameters, explanations and their literature sources (see also Tables S1 and S2).
Parameter & code used for R-script
(Table S1)
Value Explanation Source
Stinkbug (SB) prevalence (SB_prev) 0.2 Expressed relative to 1 SB/tree used for injury coefficient. The value
of 0.2 SB/tree is based on experimental data for the susceptible
seven-month harvest period. To be conservative, we assume zero SB
populations during non-harvest season
Schoeman (2015)
Sex ratio (SB_sexratio) 0.5 Assumed NA
Stinkbug damage (SB_damage) 0.0002864 Injury coefficient calculated as% annual yield loss per day per bug
over the year. 1 bug damages 30 nuts/week in Sep, 25 in Oct, 20 in
Nov, 15 in Dec, 10 in Jan, 7 in Feb, 5 in March–Aug. E.g. in March, 1
SB consumes 5 nuts/week; at 313 bugs per ha (1 SB per tree and 313
trees per ha), value of R0.20 per nut, and annual expected yield of R
73 557 per ha, this causes cumulative weekly damage of R312 =
0.42% of annual harvest/week, or 0.42%/7 = 0.06% per day, or 0.06%/
313 = 0.000192% per day per bug. Similar calculations result in%
losses per day per bug of 0.001164 in Sept, 0.000968 in Oct,
0.000776 in Nov, 0.00058 in Dec, 0.000388 in Jan and 0.000269 In
Feb. When these are averaged over the seven months when
stinkbugs are present in numbers (December–June), it comes to
0.0002864 per day per bug. Damage is conservatively assumed to be
negligible during months of low SB numbers (July–November)
Schoeman (2015), Alberts
(pers. comm.) See Table S2
Longevity (SB_Long) 30–60 days Based on extremes estimated for N. viridula Harris and Todd (1982), Panizzi
and Saraiva (1993)
Proportion of Hemiptera in bat diet
(pv_Hem)
0.06–0.5 Range of values based on microscopic studies of faecal pellets in five
bat species on macadamia farms (Table 3): slit-faced bats (Nycteris
thebaica), Angolan freetailed bats (Mops condylurus), Mops freetailed
bats (Mops midas), African pipistrelles (Pipistrellus hesperidus) and
yellow house bats (Scotophilus dinganii)
Mphethe (2017), Taylor et al.
(2011, 2012, 2013a)
Proportion of herbivorous Pentatomidae
in Hemiptera (pf_SB)
0.8 Based on mean% gene copies of N. viridula in total Hemiptera copies,
from Next Generation Sequencing analysis of bat fecal pellets of five
species: slit-faced bats (Nycteris thebaica), Mops free-tailed bats
(Mops midas),little free-tailed bats (Chaerephon pumilus), African
pipistrelles (Pipistrellus hesperidus) yellow house bats (Scotophilus
dinganii) and Sundevall’s leaf-nosed bat (Hipposideros caffer)
Taylor et al. (2013a)
Adult bat mass (bat_mass) 11 Median body weight in grams (range 4–39 g) obtained for 21 bat
species known to occur in the same assemblage from macadamia
orchards in Levubu, Limpopo Province (Table 3). Masses obtained
from field data or from Monadjem et al. (2010)
Table 3; Monadjem et al. (2010),
Mphethe (2017), Taylor et al.
(2013b)




Feeding rate of bat relative to body mass. Two rates (high and low)
were used. Low: used McDonald et al. (1990) for 11 months of data
for four species at De Hoop Cave. Males & non-reproductive females
(n = 18 mths) = 16%, pregnant females (n = 4 mths) = 19%, lactating
females (n = 2 mths) = 30%. High: Kunz et al. (1995) gave much
higher consumption rates for males and non-reproductive females
(39%) and pregnant/lactating (39–73%) females for temperate
Mexican free-tailed bats These data were also used by Wanger et al.
(2014)
McDonald et al. (1990); Kunz
et al. (1995), Wanger et al.
(2014)




Formulae based on values provided above.
Low: 0.19*1.5/12 + 0.3 * 1.5/12 + 0.16 * 9/12High:
((0.39 + 0.73)/2) * 1.5/12 + 0.73 * 1.5/12 + 0.39 * 9/12
McDonald et al. (1990), Kunz
et al. (1995), Wanger et al.
(2014)
Stinkbug mass (g) (SB_mass) 0.158 g Average mass of SB (mean of male and female N. viridula) Panizzi and Saraiva (1993)
No. of eggs/female (SB_eggs) 140–395 For N. viridula on two diets, gross fecundity (No. of eggs per female)
was 140–395 eggs/female
Portilla et al. (2015)
% of fertile female SBs (SB_ovi_fem) 73–92% Based on colonies of N. viridula raised under two different diets Portilla et al.(2015)
Survival (SB_egg_surv) 65–95% Survival of egg masses = 90% for N. viridula. ‘‘Hatchability” of N.
viridula on 2 diets 65–95%
Harris and Todd (1982), Portilla
et al. (2015)
Macadamia price in SA Rands (mac_price) 0.0765 Macadamia price 76.5 R/kg good nuts, NIS (nut in shell) Alberts (2015) (Table S2)
Proportion of crop cycle when crop is
vulnerable (mac_cycle_period)
0.583 Proportion of mac crop cycle when crop is vulnerable (December–
June) during nut growth and harvest (7/12 months)
Schoeman (2015)
Bat density/ha (bat_pop) 7.5–22.5/ha Bat density/ha. Estimates were obtained based on Radar data
(KwaZulu-Natal province). Based on Taylor et al. (2007), Radar data
from an Environmental Impact Assessment for Dube Tradeport (site
of King Shaka International Airport, Durban) indicated the nightly
total number of tracked individuals for a nautical mile radius (1078
ha) for three nights in February 2007 was 9733, 19,709 and 19,641
for three sites (mean 16,361 bats per night) (Fig. S1). This gives
mean density of 16,361/1078 = 15 bats/ha for all heights. To
accommodate uncertainty, we used a range of estimates from 50%
less (7.5 bats/ha) to 50% more (22.5 bats/ha) than the mean value of
15 bats/ha
Taylor et al. (2007)
Macadamia production (t/ha) (mac_prod) 3.2 Production in t/ha from SAMAC Alberts (2015) (Table S2)
Macadamia area planted in SA (ha)
(mac_area)
25,000 Calculated for 2016 from https://www.samac.org.za/overview-
south-african-macadamia-industry/. Additional area of 2000 ha
planted per year at time of going to press
http://www.samac.org.za/index.
php/about-us/overview
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Table 2
Summary of echolocation, body mass and dietary information for 23 insectivorous bat species detected in the Levubu study area, recorded either by capture with harp traps,
mistnets, from roosts, or by echolocation call data obtained with ANABAT and SM2BAT + bat detectors. Minimum (Fmin) (for all families except Rhinolophidae and
Hipposideridae) and maximum (Fmax) frequency (Rhinolophidae and Hipposideridae) obtained from zero-crossing calls analysed with Analook (Mphethe, 2017, Taylor et al.,
2013b,c). Body masses were obtained from field data or Monadjem et al. (2010). For the model input parameter we used the median value (11 g) from 21 species having data.
Proportion of Hemiptera by volume determined from microscopic analysis of faecal pellets, and the presence of pest Nezara viridula stink bugs determined by Next Generation
Sequencing provided for those species with relevant dietary data from the Levubu study area (Mphethe, 2017, Taylor et al., 2013a), from which parameters were used for avoided












stink bug DNA in diet
Family Nycteridae
Nycteris thebaica Broad FM (short dur) 63.1 Clutter 11 6–20 Yes
Family Emballonuridae
Taphozous mauritianus Shallow FM 25.3 Aerial 27 NA NA
Family Molossidae
Chaerephon cf. ansorgei QCF 18.6 Aerial 19 NA NA
Chaerephon pumilus QCF 23.3 Aerial 12 NA Yes
Mops condylurus QCF 25.8 Aerial 23 38 NA
Mops midas QCF 12.8 Aerial 39 13 Yes
Tadarida aegyptiaca QCF 21.6 Aerial 15 NA NA
Family Vespertilionidae
Vespertilionidae sp. (60 kHz) FM 60 Clutter-edge – NA NA
Kerivoula sp FM 95 Clutter 8 NA NA
Laephotis botswanae FM 32 Clutter-edge 6 NA NA
Myotis bocagii Broad FM (short dur) 37.7 Clutter-edge 8 NA NA
Myotis welwitschii Broad FM (short dur) 33.8 Clutter-edge 17 NA NA
Neoromicia capensis FM 37.6 Clutter-edge 7 NA NA
Neoromicia nanus FM 66.2 Clutter-edge 4 NA NA
Neoromicia zuluensis FM 48.1 Clutter-edge 4 NA NA
Pipistrellus hesperidus FM 44.9 Clutter-edge 6 50 Yes
Scotophilus dinganii FM 33.1 Clutter-edge 24 30 Yes
Eptesicus hottentotus FM 30.1 Clutter-edge 16 NA NA
Family Rhinolophidae
Rhinolophus clivosus CF 92.1 Clutter 18 NA NA
Rhinolophus sp. (100 kHz) CF 100 Clutter – NA NA
Rhinolophus simulator CF 82 Clutter 9 NA NA
Family Hipposideridae
Hipposoderis caffer CF 142.9 Clutter 8 NA No
Family Miniopteridae
Miniopterus natalensis FM 53.7 Clutter-edge 11 NA NA
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and bats (e.g. about 15 cm in wing span) are generally easily
detected out to 1 nautical mile (nm), mostly detected out to 1.5
nm, and partially detected out to 2 nm (Edward Zakrajsek,
Manager, DeTEct Global, personal communication, 22/9/2016). A
MERLIN radar system was deployed at the site of the King Shaka
International Airport outside Durban, South Africa in 2007 to mon-
itor bird strike risk prior to the development of the airport. As part
of an EIA study on potential impacts of the airport on mammals
(Taylor, 2017), this equipment was used to obtain data over three
nights/sites, all within 5 km of the airport (Fig. S1). The total num-
ber of bats counted per night/site, detected at distance from
ground level to 4500 feet, varied from 9733 to 19,709 (mean
16,361) bats. Although the data cannot distinguish between differ-
ent foraging groups of bats, our dietary data showed that a range of
foraging groups of bats feed on stinkbugs (Table 2), so we assumed
that all bats detected were potential stink bug feeders. From above,
assuming a sensitivity radius of 1 nautical mile to account for
detection of all (including the smallest) bats given a degree of
likely background clutter, using the formula for a circle this
amounts to a radar sweep area of 1078 ha. At the mean bat count
of 16,361 bats per night this amounts to a mean density of 15 bats/
ha. We thus estimate a density of 15 bats/ha as being realistic for
this landscape which is representative of the southern-most
macadamia-growing area of the KwaZulu coastal belt (Fig. 2). To
accommodate uncertainty we used a range of estimates from 50%
less (7.5 bats/ha) to 50% more (22.5 bats/ha) than the mean
value of 15 bats/ha (Table 2). A very similar density estimate of12 bats/ha was obtained for bats in Mediterranean rice fields based
on bat house occupancy (Puig-Montserrat et al., 2015).
2.7. Indirect avoided pesticide costs
The avoided cost model referred to above accounted only for the
direct costs of stinkbug damage, and did not include the indirect
costs of additional pesticide use to compensate for these losses.
An example of how to estimate these indirect costs of avoided pes-
ticide use (based on the economical estimates of nut damage and
pesticide costs provided in Table S2) is provided in Table S3.
It should be noted that not all farmers follow the industry-
prescribed thresholds for pesticide spraying frequency. Some adopt
arbitrary ‘‘calendar spraying” (spraying at arbitrary regular inter-
vals), resulting generally in higher levels of pesticide use (S. Schoe-
man, personal communication, 6/7/2017). However, even such
farmers will increase pesticide spray frequency when pest numbers
are observed to increase, and it is likely that the resulting increase in
frequency would exceed the industry thresholds. Thus, we feel our
estimates of indirect avoided costs of increased pesticide use are
likely to be conservative compared with actual farming practices.
3. Results
3.1. Review of economical importance of bats
Table 3 summarises the economic value of bat predation
services expressed either as US$/ha/yr or as % of annual yield.
Table 3
Summary of published economic estimates of the value of bat predation services. All avoided cost models measure a single species effect while exclusion experiments measure a
community effect.
Value ($/ha/yr) Value (% annual
yield)
Method Agricultural system &
region
Major pest(s) Source





Avoided cost model Pest-resistant (Bt) and
conventional cotton, SW
Texas.





Avoided cost model Cotton in SW USA from
1990-2008 (factoring Bt
after 1996)
Corn-ear worm Lopez-Hoffman et al. (2014)
183 (30–426)4 12 (2–29)4 Avoided cost model All crops of USA Corn-ear worm Boyles et al. (2011)
0.125 0.0086 Avoided cost model Rice in Thailand White-backed plant-
hopper
Wanger et al. (2014)
23 Not provided Avoided cost model Rice in Mediterranean Basin
(Spain)
Rice borer Puig-Montserrat et al.(2015)
57-139 0.53–1.29 Avoided cost model Macadamia in South Africa Stinkbugs Current study
730 31 Exclusion
experiment
Cacao in Indonesia Cacao pod borer & mirid
bug
Maas et al. (2013)
0 (NS) 0 (NS) Exclusion
experiment






Corn-ear worm Maine and Boyles (2015)
0 (NS) 0 (NS) Exclusion
experiment
Cacao in Indonesia Cacao pod borer & mirid
bug
Gras et al. (2016)
1 Values based on models using the mean and observed range of egg/larvae survivorship for corn-ear worms.
2 Range of values for each type (Bt and conventional) due to spray (low) versus non-spray (high) scenarios.
3 Values represent lowest and highest values estimated over the years 1990–2008.
4 Values based on the study of Cleveland et al. (2006) and extrapolated for other crops.
5 This value was calculated from the total avoided cost value presented for Thailand by Wanger et al. (2014) of $1,213,997, divided by the harvested area of 11,649,506 ha
provided for 2011 in Thailand (obtained from http://www.fao.org/faostat/en/#data/QC).
6 Based on protected yield of 2892 t compared to national yield of 36,113,469 t (calculated from 3 t/ha x 11,649,506 ha; data for 2011 obtained for Thailand from http://
www.fao.org/faostat/en/#data/QC).
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models versus exclusion experiments), the economic value of bat
predation services varied considerably from zero to US$ 757/ha/
yr, and from zero to 47% of crop yield. (Table 3). Differences in
technology (e.g., pest-resistant versus non-pest-resistant crop
strains) and management practices (e.g. assuming that farmers
use pesticides or not) led to large differences in the economic value
of bat predation services estimated by avoided cost models. Even
within a single agro-ecosystem and study, different treatments
produced highly divergent values for bat predation services, e.g.
from 3% (spray scenario) to 47% (non-spray scenario) of yield in
conventional (non-pest-resistant) cotton, while in genetically-
engineered pest-resistant Bt cotton, the protected yield was 2%
(spray) to 8% (non-spray) (Table 3, Federico et al., 2008). Low eco-
nomic values need not imply non-significant effects. For example,
although the economic value of US$0.12/ha/yr (0.0008% of annual
production) for bat predation services in rice in Thailand seem
small, these figures are critical to food security, amounting to the
provision of >26,000 rice meals per year. Exclusion studies also
revealed large differences on the economic value of bat (and bird)
predation services within single agro-ecosystems due to temporal
variability. For example, the economic value of bird and bat preda-
tion in the cacao industry in Indonesia was estimated as US$730/
ha/y, or 31% of annual production by Maas et al. (2013); a subse-
quent study revealed no net economic benefit of bat exclusion on
yield of cacao in Indonesia (Gras et al., 2016). Similarly, in a study
on coffee plantations in Costa Rica, bat exclusion has no effect on
yield since bats suppressed pest predators such as spiders more
than they suppressed herbivorous pest insects (Karp et al., 2013;
Karp and Daily, 2014).3.2. Direct avoided costs model for South African macadamia industry
Fig. 3 shows the estimated direct avoided costs/ha for models
obtained for a range of bat densities from 1 to 46 bats/ha for bothlow and high published values for bat consumption of insects rel-
ative to body mass (see above). At low bat densities, avoided costs/
ha are similar for different consumption rates (e.g. approximately
US$14-35/ha at 6 bats/ha). However at higher bat densities of 46
bats/ha, the avoided costs for low consumption rates (US$110/
ha) are substantially lower than for high consumption rates (US
$272/ha). When a model was created for annual avoided costs
for the South African industry as a whole (for the current produc-
tion area of 25,000 ha), for bat density estimates ranging from 7.5
to 22.5 bats/ha (based on data presented above and in Table 1), and
for low consumption rates (McDonald et al., 1990), the national
yield protected by bats was estimated as 157.4 ± 109.1 t/yr, which
amounts to 0.34% of the national annual yield of 46,000 t/ha for
25,000 ha based on the data for 2015 from the industry (https://
www.samac.org.za/overview-south-african-macadamia-industry/
accessed on 23/7/2017). The avoided cost of this predicted loss of
yield was estimated as R12.04 ± 8.34 million/yr (US$0.92 ± 0.64
million/yr based on exchange rate of R/US$ = 13.04 on 17 July
2017) (Table 4). Substituting higher values for bat relative con-
sumption rates (Kunz et al., 1995), increased the protected yield
to 384.8 ± 268.q t/year (0.84% of the annual national yield), and
the avoided cost estimate to R29.44 ± 20.51 million/year (US$2.2
6 ± 1.57 million/yr) (Table 4).3.3. Additional indirect avoided pesticide costs
Following the process detailed in Table S3, we estimated indi-
rect avoided pesticide costs based on the initial input of the esti-
mated weekly direct avoided costs, to obtain a spray threshold
(in months) based on the spray cost of US$73/ha. Thus, the
model-estimated direct avoided cost (for low bat prey consump-
tion) was US$36.93/ha/year, or US$0.71/ha/week. This resulted in
a spray threshold of 73/0.71 = 102.8 weeks, or 25.6 months
(Table 4). This meant that an additional spray would be required
every 25.6 months. Given an approximate nut production cycle of
Table 4
Summary of model results for protected yields and avoided costs due to bat predation of pest stink bugs in the South African macadamia industry (see text for details). Models are
based on a current macadamia price of R76.5 per kg of undamaged nuts, 25,000 ha of planted macadamias, and an actual yield for 2015 of 46,000 t (Southern African Macadamia
Association, unpublished data). The South African Rand: US$ exchange rate was based on the official rate of 13.04 R/$ on 27 July 2017.
Low consumption rate High consumption rate
Direct costs:
Yield protected (t/yr) 157.4 ± 109.1 t/yr 384.8 ± 268.1 t/yr
Yield protected (% of production) 0.34% 0.84%
Avoided costs (SA Rands/yr) R12.04 ± 8.34 million/yr R29.44 ± 20.51 million/yr
Avoided costs (US $/yr) $0.92 ± 0.64 million/yr $2.26 ± 1.57 million/year
Avoided costs per ha (US $/ha/yr) $ 36.93/ha/yr $90.29/ha/yr
Indirect costs (based on means for direct costs, see text):
Weekly damage (direct costs) (US $) $0.71/ha/week $1.74/ha/ week
Cost of pesticides per ha (US$) $73 $73
Spray threshold (No. of weeks/mths) 102.8 weeks (=25.6 mths) 42.0 weeks (= 10.5 mths)
No. of additional spray events pa (7 mths season) = 7 mths/spray threshold in mths 7/25.6 = 0.27 pa 7/42.0 = 0.67 pa
Avoided costs (US $/yr) = Cost of spray ($73 /ha) x production area (25,000 ha) x
No. of additional spray events pa
$0.497 million/yr $1.22 million/yr
Avoided costs (SA Rands/yr) R6.48 million/yr R15.85 million/yr
Avoided costs per ha (US $/ha/yr) $19.88/ha/yr $48.62/ha/yr
Yield protected (t/yr) 84.73 t/yr 207.18 t /yr
Yield protected (% of production) 0.184% 0.259%
Total costs (direct + indirect):
Yield protected (t/yr) 242.13 t/yr 591.98 t/yr
Yield protected (% of production) 0.526% 1.287%
Avoided costs (SA Rands//yr) R18.52 million/yr R45.29 million/yr
Avoided costs (US $/yr) $1.417 million/yr $3.48 million/yr
Avoided costs per ha (US $/ha/yr) $56.81/ha/yr $138,91/ha/yr
Fig. 3. Model results (10,000 iterations) showing estimated avoided costs per hectare per annum (mean ± sd) due to reduced damage resulting from bat consumption of
stinkbugs, at a range of bat densities and for two estimated consumption rates, ‘‘high” (Kunz et al., 1995) and ‘‘low” (McDonald et al., 1990). Dashed line indicates the level
associated with 25% of the annual cost of crop loss due to stinkbug damage. See text for details.
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tional sprays required per year, or an additional spray every four
years. At a cost of US$ 73/ha, and 25,000 ha of production, this
resulted in an additional US$0.497 million/yr required for the costs
of pesticide spraying. At current production and crop prices, this
amount is equivalent to 0.18% of the value of annual production
(Table 4). For the high bat prey consumption rate, the equivalent
value was US$1.22 million/yr, or a protected yield of 0.26% of the
annual production (Table 4).
4. Discussion
Our global review of the standardized (expressed either as US$/
ha/yr or% yield) economic value of the pest control services of bats
to agricultural production (Table 1 and references therein)
revealed wide variation in the economic value of such services
both within and between agro-ecosystems, irrespective of the
method used (model or experimental exclosure). When combiningboth the direct and indirect avoided costs, the standardized value
of bat predation services in the South African macadamia industry
amounted to US$57-139/ha/yr (Table 4) which fell within the
upper range of values obtained for other avoided cost studies
(Table 3).
The two approaches reviewed in Table 3 are fundamentally dif-
ferent yet complementary since the exclusion approach estimates
the net trophic effect on the prey base of all predators being
excluded (a top-down approach), whereas the avoided costs
approach typically considers a single predator-single prey system
where injury coefficients and pest and predator dynamics are
known (a bottom-up approach). Experimental exclusion
approaches can result in zero or negative effects of bat (or bird)
exclusion in terms of crop yield, e.g. bats may suppress predators
such as spiders more effectively than herbivorous insects, leading
to no measured benefit of bats on crop yield (Karp and Daily,
2014). Exclusion studies are still in their infancy and much remains
unknown about the impact of landscape factors and the extent of
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Landscape factors can interact with both inter- and intra-guild pre-
dation, leading to complex responses (Librán-Embid et al., 2017).
Temporal variation can be great, e.g. in cacao plantations in
Indonesia, two separate studies reported bat predation services
valued at zero (Gras et al., 2016) to US$730/ha /year (Maas et al.,
2013).
In contrast to other avoided cost modelling studies which con-
sidered single bat species such as Tadarida brasiliensis (Cleveland
et al., 2006; Federico et al., 2008; Lopez-Hoffman et al., 2014), T.
plicata (Wanger et al., 2014) and Pipistrellus pygmaeus (Puig-
Montserrat et al., 2015), we attempted to model the average effect
of all bat species from the same local assemblage in macadamia
orchards for which we had dietary data, either from conventional
microscopic dissection or Next Generation Sequencing of fecal pel-
lets. We focussed only on the damage caused by pest stinkbugs
(Family Pentatomidae), although a few dominant species are
involved including Bathycoelia distincta and Nezara viridula. Two
tortricid moth species are lesser pests of macadamia in the study
area, but we did not consider them in this study. The fact that
our study considered multiple predator and prey species may
explain the slightly higher mean avoided cost values we obtained
in comparison with other studies. In addition, some studies (e.g.
Wanger et al. (2014)) used more conservative values that only esti-
mated the direct avoided costs of bat consumption of pests (we
combined direct and indirect costs).
In another departure in our study from other avoided cost stud-
ies we attempted to estimate total (all insectivorous species) bat
densities in different macadamia landscapes, using the Merlin
DeTect Avian-avoidance Radar system (see Methods and Table 1
for details). Other studies have relied on known population esti-
mates from colonies occupying large natural caves or artificial bat
houses. Since it is able to track individuals, the Radar system min-
imises greatly the probability of re-counting individuals and offers
a superior method for determining absolute densities of biological
targets, whether birds or bats. As more and more portable and less
expensive systems are implemented, these provide opportunities to
estimate bat densities across different landscapes. The use of
ultrasound microphone arrays and acoustic spatial mark-capture-
recapture analysis offers additional future possibilities for
accurately estimating bat densities (and hence ecosystem service
provision) at different scales in landscapes. We acknowledge the
limitation that our density estimates for Radar estimates were
based on small scales and very few landscapes. We feel that the
range of densities estimated for our models (mean 15, range
7.5–21.5 bats/ha) are probably not unreasonable. Puig-Montserrat
et al. (2015) estimated densities of 12 bats/ha for just one bat
species, P. pygmaeus, based on bat box occupancy. The fact that
we estimated densities for all species of bats assumed that all bats
were feeding on pest stink bugs, and also explained the highermon-
etary estimates of avoided costs for our study compared to other
studies. The assumption that all or almost all species of insectivo-
rous bats in the assemblage could feed on stink bugs is not unreal-
istic, given the high prevalence of Hemiptera and the occurrence of
Nezara viridula in five of the six species of bats we assessed for diet
using NGS (Taylor et al., 2013a). These species represented all three
foraging guilds of clutter, clutter-edge and aerial-foraging bats,
suggesting that all foraging guilds of bats in this assemblage are
feeding opportunistically on stink bugs, at least during the season
when outbreaks occur (Mphethe, 2017; Taylor et al., 2017).
Market fluctuations, falling prices and technological advances
such as pest-resistant strains can reduce the value of bat predation
services over time, as shown in cotton agro-ecosystems with the
advent of Bt corn and fluctuating market prices, where the value
of bat ecosystem services declined by 79% between 1990 and
2008. However increasing insecticide resistance will probablyreverse this trend in the future (Lopez-Hoffman et al., 2 014)
(Table 3).
Since crop prices and currencies are highly dynamic, the real
economic value of bat ecosystem services can be expressed in
terms of their impact on expected annual current crop yields.
Given the 2015 national annual yield of approximately 46,000 t
of macadamias (https://www.samac.org.za/overview-south-afri-
can-macadamia-industry/ accessed on 23/7/2017), in these terms
bat predation services in South African macadamia orchards
amounted to protected yields of 0.52% (low consumption rates)
to 1.29% (high consumption rates) of expected annual production
(Table 4). Another means of independently evaluating the eco-
nomic significance of calculated avoided costs is to express the
estimated avoided costs in relation to annual economic estimates
of crop losses dues to dominant pests. Schoeman (2009) estimated
annual losses to the macadamia industry due to stink bugs to be
R50 million (US$3.83 million/yr) but later revised this figure
(P. S. Schoeman, personal communication, 6/7/2017) to R200 mil-
lion/yr (US$15.23 million/yr). In this context, our combined (direct
and indirect) current avoided costs of US$1.4 to US$3.5 million/yr
fall closer to the lower damage estimate above (US$ 3.83). Assum-
ing the higher rate of insect consumption, this means that the loss
of bats in orchards would result in economic losses of approxi-
mately one fifth of the current highest estimates for annual maca-
damia losses caused by stink bugs. In any event, farmers would
surely prefer to avoid such substantial additional losses.
Declines of bats due to infectious diseases, wind farms and/or
pesticide use are not unprecedented. Massive mortalities of
bats were reported in North America from the White-Nose
Syndrome fungal disease epidemic, amounting to >5.5 million
bats between 2006 and 2012 (Reeder and Moore, 2013), https://
www.whitenosesyndrome.org/about/bats-affected-wns). Between
650,000 and 1.3 million bat fatalities have been estimated at wind
facilities in USA & Canada between 2000 and 2010 (Arnett and
Baerwald, 2013). With a recent push towards wind energy in South
Africa, many wind farm developments are in progress and bat mor-
talities have already been recorded at the first operational wind
farms (Doty and Martin, 2013). Reduced bat activity due to agricul-
tural intensification has been documented, possibly related at least
in part to increased pesticide use (Wickramasinghe et al., 2003).5. Conclusions
The combined savings due to the direct and indirect avoided
costs of bat predation on stinkbugs approximates 0.53–1.29% of
the annual economic value of the national crop. Knowing this
should motivate growers to change farming practices to encourage
bats and other biodiversity even if this involves ‘‘acceptable losses”
through reduced use of chemicals and retaining substantial
reserves of unplanted natural habitat patches. With the current
high global price of macadamia nuts, South African macadamia
farmers are planting an additional 2000 ha a year. Where such
new planting results in the destruction of natural habitats that
are crucial for bats and other biodiversity, this could have devastat-
ing effects for macadamia production by drastically reducing the
value of ecosystem services provided by natural predators and pol-
linators. Initiatives such as Global GAP (Good Agricultural Practice)
(http://www.globalgap.org) which encourages environmentally-
responsible agricultural practices should be strongly endorsed.
Large-scale avoided cost models and fine scale exclusion exper-
iments have not yet been carried out simultaneously in the same
agro-ecosystem. Since they often encompass a wide range of val-
ues in predator and pest life history variables as well as economical
parameters, estimates from avoided cost studies typically display
very high standard deviations and levels of uncertainty as was
380 P.J. Taylor et al. / Ecosystem Services 30 (2018) 372–381the case in our study (Table 4). Although typically limited to smal-
ler scales, estimates from exclusion experiments may have lower
uncertainty, although variation due to environmental variation
between replicates can be high (Maas et al., 2013). When carried
out in combination in the same agro-ecosystem, exclusion studies
can offer useful ground-truthing of broader scale values obtained
from avoided cost models, particularly when such exclusion stud-
ies can be extended across environmental gradients to extrapolate
the results to broader scales.
Bird and bat exclusion experiments are currently in progress
(2015–2017) in the Levubu macadamia-growing area where the
current modelling study was carried out. After at least two years
of experiments, these data will hopefully allow ‘‘ground-
truthing” of the presented avoided cost model and a better under-
standing of the true value of bats to the macadamia industry, as
well as the factors promoting predation services that may be
exploited for improved management (e.g. natural woodland
patches in the landscape). Such ‘‘demonstration experiments” are
critical to convincing farmers of the importance of bats and other
biodiversity on farms, and ultimately fostering a more long-term
and ecologically-friendly approach to IPM that will simultaneously
benefit crop protection and production as well as bat conservation,
e.g. by reduced dependency on pesticides, a more tolerant attitude
to hosting bats in farm buildings and other structures and increas-
ing bat populations in orchards through artificial roosts such as bat
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